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Methods The basic technique employed for the quantitation of aortic insufficiency was described in a previous publication. 1 Certain modifications of this technique were used in the experiments here presented. A Peterson-type arterial catheter was introduced into the right femoral artery through a thin-walled, 18-gauge needle and advanced up the aorta until its tip lay near the origin of the left subclavian artery. This catheter was used for delivering a small slug of dye (indoeyanine green)* into the aorta. The distribution of the injected dye between the left subelavian artery and the descending aorta following each injection was determined by recording dye concentration continuously in the left radial and the left femoral artery blood. The dye was injected through the arterial catheter using a pneumatic injection device triggered from the R wave of the electrocardiogram as described previously. This allowed injection of dye over any interval of the cardiac cycle. Dye was initially injected during the first 0.1 second following the R wave. If the catheter had been advanced too far, its tip would enter the left subclavian artery and most of the dye would appear in the first circulation at the left radial sampling site. Then as the catheter tip was withdrawn and subsequent early systolic injections made, a point could be found where dye was distributed equally to both the left radial and left femoral sampling sites (as indicated by equal areas under the two dye curves). Positioning of the catheter tip at the point of origin of the left subclavian artery from the aorta was accomplished in this way. An x-ray was then taken to confirm this position. The catheter was then withdrawn through the femoral needle in 2-em. steps and an injection made after each withdrawal. These injections were made over the last 0.1 second of systole and the first 0.1 second of diastole. In this way, the point was located at which dye injection first failed to result in the appearance of any dye at the left radial sampling site on the first circulation. The distance down the aorta to this point from the point of origin of the left subclavian artery represents the distance over which backflow travels during a single diastole. This backflow distance (BFD) is the fundamental measurement obtained.
A number six Cournand catheter was advanced from the left antecubital vein through the right heart and into the pulmonary artery, and through it dye was injected for measurement of cardiac output. A second venous catheter was advanced from the right antecubital vein into the right atrium in such a way that its natural curvature held its tip against the lateral wall of the atrium. On the tip of this catheter was a smooth piece of solder connected to a fine insulated wire which traversed the lumen of the catheter. A 2 volt-1 millisecond square wave applied to this electrode and to an indifferent electrode on the chest wall ( fig. 1 ) resulted in atrial contraction. This technique made it possible to increase the subject'." heart rate. Measurements of backflow distance were made in each of three patients at two heart rates.
Results Data obtained from the three subjects are shown in table 1. Net cardiac output and backflow distance per stroke were measured in each of the subjects at two heart rates. The slow heart rate in each instance is the subject's own sinus rate. In subjects (C.H.) and (F.T.) cardiac output increased at the faster rate. In all three subjects, backflow distance per stroke decreased at the fast heart rate to less than one-half the distance measured at the slower rate.
The product of backflow distance and heart rate is the average backflow (BF) over the whole heart cycle divided by the cross-sectional area (A) of the aorta. Assuming that this area does not change with heart rate, the ratio of aortic backflow per unit time at the slow heart rate to that at the faster heart rate may be calculated. These ratios were 1.61, 1.75, and 1.71. If the descending aorta contributes a constant fraction to the total baekflow across the aortic valve, these measurements of backflow in the descending aorta are an accurate index to the total baekflow across the aortic valve.
Theoretical Analysis The significance of these observations may become evident through an analysis of the heinodynamie factors involved. Since aortic backflow occurs only during diastole, the baekflow per minute will depend upon the fraction of each cycle occupied by diastole. As is well known, increasing heart rate results in a much greater decrease in the duration of diastole than in the duration of systole (fig. 2 ). The effect of heart rate on aortic insufficiency, however, will depend not only on the duration of diastole, but also upon the time-course of backflow during diastole; that is, the flow contour. Four cases will be considered.
Case l
Let us first consider the rather unrealistic but easy-to-analyze case in which backflow (f) is proportional to mean aortic pressure during diastole (Pd)-This is expressed as bf = P d , (1) where (b) is a constant. The average backflow over the whole cycle (BF) in this case will he given by
where (T d ) and (T c ) are the duration of diastole and total cycle respectively. Under these conditions, the average backflow over the whole cycle is proportional to the ratio T<i/T 0 ( fig. 3 ). Backflow at a heart rate of 70 per minute would be 1.32 times the backflow at a heart rate of 120 per minute. Thus, this model fails to account for our observed ratios which were 1.6 or greater.
Case 2
Xext we consider the ease in which backflow during diastole is proportional to the in- stantaneous aortic pressure, P ( t ) -This is expressed as bf = P( t ) , (3) where (b) is a constant. From recording of aortic pressure, it can be readily shoAvn that to a good approximation P ( t ) = P o e-kt (4) describes the time-course of pressure during diastole. Here, (P o ) is the pressure in the aorta at the onset of diastole and (k) is a constant; (k) will depend upon the resistance to backflow across the aortic valve, the systemic arterial resistance to forward flow, and the distensibility of the aorta. By combining equations (3) and (4), integrating over the duration of diastole, and multiplying by the heart rate (HR), the average rate of backflow over the whole cycle (BF) is obtained. This is given by where (HR) is the heart rate and (T d ) is the duration of diastole at that heart rate. Examination of figure 4 shows that in the limit as (k) becomes 0 the ratio of backflow at a heart rate of 70 to backflow at heart rate 120 becomes 1.32 as in the case just discussed, and that this ratio progressively decreases with increasing values of (k). Since (k) was found 
Figure 4
A plot based on calculations using equation (5) of the effect of (k) on the ratio of backflow at a heart rate of 70 to backflow at a heart rate of 120 beats per minute.
from examination of recordings of aortic pressure to vary from 0.7 to 2 per second, it can be seen that this model fails by an even wider margin to explain the observed effects of heart rate on aortic backflow.
Case 3
In this case, the fact is recognized that the column of blood in the aorta has inertia which will limit the rate at which a new level of backflow can be achieved. A term to account for this is included in The coefficient (a) is a measure of the inertia of the column of blood which must reverse its flow at the onset of diastole and its units will be mass divided by cross-sectional area squared. The contour of the diastolic backflow curve predicted by solving this equation on an analogue computer is shown in figure 5 for three values of (a) where (a) is expressed in units of mm. Hg sec. 2 cm." 3 . The analytical expression for average backflow over the whole cycle ia this case is given by flow curves resemble the curve predicted by equation (6), with (a) equal to 0.1, another explanation for the results here presented must be sought. In the three analyses so far considered, the pressure on the left ventricular side of the aortic valve during diastole was ignored, since left ventricular pressure was not measured in these experiments. The fact that left ventricular pressure certainly rises during the course of diastole would make the discrepancy between measured change in backflow with change in heart rate and that predicted by any of these models even more pronounced.
Case 4
Finally, we consider the possibility that thp proportionality constant which relates backflow distance traveled by the dye to backflow volume may be dependent on heart rate. If flow were turbulent throughout diastole, the injected indicator would be distributed uniformly across the aorta at any given point down its length. However, if laminar flow de- velops as the velocity of backflow diminishes late in diastole, the distribution of dye in the aorta 2 ' 3 will resemble that shown in figure 6. Under these circumstances, the maximum distance any dye particle travels back up the aorta during a single diastole may no longer be multipled by aortic cross section to estimate volume. Such an effect, if present, would be more prominent with the longer diastole, and would result in an overestimate of backflow by this method at the slower heart rates.
The existence of such a phenomenon might be detected by high-speed cineangiography. This seems the most likely explanation of the results here presented. Summary Measurements of the distance a labeled particle of blood travels back up the descending aorta during a single diastole have been car-ried out at two different heart rates in each of three patients with aortic insufficiency. From these measurements, the ratios of backflow per unit time at the slow heart rate to backflow at the faster heart rate were found to be 1.61, 1.71, and 1.75. From an analysis of the hemodynamic factors involved, it seems likely that backflow is overestimated at the slow heart rates by this technique due to the development of laminar flow late in diastole.
